Abstract: Increasingly, poor soils are used for plant cultivation involving chemical fertilizer (CF) usage which in turn lowers soil quality. To improve the quality of poor soils, promote plant growth, and reduce CF use, bio-organic-mineral fertilizer (BF) was introduced to poor soil to examine its effects on both soil and plants. Organic fertilizer (OF), CF, and mineral powder (MP) were applied as controls. When cotreating water spinach with fertilizer, the soil quality was improved with the increased doses of BF, OF, and MP. The BF treatment produced the most pronounced improvement. Applying CF reduced the soil quality. Under the CF treatment the largest plant-growth-promoting effect was observed within 30 d, whereas plants treated with BF showed the most favorable growth after 50 d. Moreover, for BF, plants' nutritional quality was also higher, particularly in the long term. When poor soil was treated with fertilizer without plants, the soil quality changed as in the previous treatment; however, the change in this treatment was more pronounced and the remaining available elements in soil were higher, particularly in the case of CF treatment. These results indicate that BF treatment without CF can be applied to improve the quality of poor soil, and meanwhile promote plant growth and quality.
Introduction
Poor soil usually contains low concentrations of soil nutrients, has low or high pH, and low soil enzyme activity. Such soil has low fertility and yields less food. With rapid developments in industry, agriculture, and population growth, large areas of cultivated fertile soil have been degraded into poor soil (Shu et al. 2013) , and many areas of newly reclaimed soil, most of which are poor soils, have been used for plant cultivation. Measures to improve these soils are urgently required.
Many studies have shown that soil quality can be improved by applying organic matter (Barzegar et al. 2002) , organic fertilizer (OF; Biau et al. 2012) , dust, mineral powder (MP) (Hagos and Smit 2005; von Suchodoletz et al. 2013) , or by growing pasture legumes as green manure. The consensus holds that organic matter is a crucial soil component for improving the physical properties of soil, and that returning organic matter to soil can increase the content of soil active organic carbon (AOC) and improve soil vitality. However, organic matter alone, which lacks adequate available nutrients, exerts slow and variable effects on crop growth (Khaliq et al. 2006) . Although applying chemical fertilizers (CFs) can promote rapid crop growth, extensive CF use has reduced soil quality worldwide (Bronick and Lal 2005; Shu et al. 2013) . Hence, compound fertilizers composted with suitable microbes, organic matter, and low quantities of CF have become the most commonly used methods (Liu et al. 2009; Pan et al. 2009 ).
Although the content of available nutrients, such as K, Ca, and Mg, in poor soil is low, their total content is high (Lian et al. 2008; Xiao et al. 2012) . Most unavailable nutrients are present in minerals (Lian et al. 2008) . In ecosystems with low inputs and no fertilization or soil amendment by humans, the nutrients available to plants are obtained from atmospheric inputs and weathering of soil minerals caused by water circulation and plant and microbial action (Dakora and Phillips 2002; Calvaruso et al. 2006 ). Microbes such as Bacillus mucilaginosus (Sheng and Huang 2002; Lian et al. 2008; Basak and Biswas 2009) , Aspergillus fumigates (Lian et al. 2008) , and Aspergillus niger can promote mineral weathering and the release of nutrients such as K and Ca from feldspar. Treatment with bio-organic-mineral fertilizer (BF) composted by organic matter, minerals, and microbes can improve K-cycling and promotes crop growth (Sugumaran and Janarthanam 2007; Nishanth and Biswas 2008; Yang et al. 2012) . The aforementioned studies have indicated that to improve soil quality and plant growth, the mineral-weathering-promoting function of microbes might be more useful than CF.
In the present study, BF, OF, CF, and MP were introduced to poor soil. A comparative study of different treatments was conducted to determine the changes in soil properties, such as pH, electrical conductivity (EC), available potassium (AK), AOC, soil enzyme activity, and parameters related to water spinach quality (including growth and nutritional quality), to investigate the potential applications of BF in improving soil quality and crop growth.
Materials and Methods
This study was conducted during the period of May to August in 2014 and 2015 in the Botanical Garden of Nanjing Normal University (118°91′E, 32°10′N).
Materials
The BF was composted with chicken manure, K-containing MP, corn stalk (w:w:w = 1:1:2), and mixed microbial agents. The K-containing mineral was obtained from Daoping Town, Fuquan City, Guizhou Province, China. Analysis of composition through X-ray fluorescence showed that K 2 O, Al 2 O 3 , SiO 2 , and CaO accounted for 9.67%, 18.06%, 57.75%, and 3.26% by mass, respectively. All constituents were not bioavailable to plants. The mineral sample was crushed and sieved through 100-200 mesh to collect powder. The composted BF contained 1.9% available N, 1.9% available P 2 O 5 , 2.5% available K 2 O, and 32% organic matter. The OF was composted with the same material by the same method as BF, but without K-containing MP. The composted OF contained 1.7% available N, 2.5% available P 2 O 5 , 1.6% available K 2 O, and 45% organic matter. Mineral powder was the identical K-containing MP used in BF. The effective content of CF (Aolaite Chemical Fertilizer Co., Ltd., Jiangsu, China) was 45%, with a N: P 2 O 5 :K 2 O ratio of 15:15:15. They were all bioavailable. The culture medium was a mixture of poor soil (obtained from 30 cm below the surface) and river sand (v:v = 1:1), the main component of which was SiO 2 . It was used for the improvement of water permeability. Seeds of Ipomoea aquatica Forsk., commonly known as water spinach, were purchased from Jiangsu Academy of Agricultural Science (Nanjing, China).
Experimental design and plant cultivation
In experiment I, seedlings were grown in 72-hole flowerpots (peat:vermiculite = 3:2) until they reached a height of 12 cm. Seedlings with a similar height and diameter were selected, and two seedlings were transplanted into 12 cm plastic pots containing 1.5 kg of the culture medium mixed with fertilizer (Table 1) . Each treatment was repeated eight times. The plants were placed inside insect nets under natural conditions with normal irrigation management and no additional fertilization. The main stem and leaves on the main stem were collected to measure growth, biomass, and nutritional quality 30 d after transplantation. The remaining aboveground parts were collected to measure biomass and nutritional quality 20 d later. Subsequently, the soil in the pots was left for another 10 d before soil sampling.
Experiment II was designed to observe the effect of fertilization on poor soil excluding the effect of plants or leaching. Similar to experiment I, each plastic pot contained 1.5 kg of the culture medium mixed with fertilizer (Table 1) , and each treatment was repeated eight times. The pots were placed indoors with no plants. The soil was watered without seepage for 60 d. At the end of the experiment, the soil was sampled and assayed.
Soil sampling and analysis
After removal of visible plant residue, the soil in each pot was thoroughly mixed. Half of the fresh samples was kept field-moist in a cooler at 4°C for no more than 2 wk to determine their carbonic anhydrase (CA) activities. The remaining samples were air-dried, ground, sieved with a 2 mm sieve, and stored at room temperature to analyze their remaining soil properties. All results are expressed on a dry weight (DW) basis.
The pH and EC of the soil samples were determined in a soil:water (1:2.5 = w:v) suspension by using a PHS-3C mv/pH detector (Shanghai, China). The AK was extracted with ammonium acetate, and its concentration was determined using an atomic absorption analyzer (PerkinElmerAA900F, USA). The AOC was determined using the KMnO 4 oxidation method (Blair et al. 1995) . The HCO 3 − content in the soil leaching solution was measured using the double indicator titration method of Verma (2004) . Urease (EC 3.5.1.5) activity was determined using the phenol-sodium hypochlorite colorimetric method, as indicated by the mass (mg) of KNO 3 in 1 g of soil incubated for 24 h (U) (Guan et al. 1986 ). Alkaline phosphatase (EC 3.1.3.1) activity was determined using disodium phenyl phosphate as a substrate and phenol as a product after incubation at 37°C for 24 h (Guan et al. 1986 ). The CA (EC 4.2.1.1) was assayed using the method of Brownell et al. (1991) .
Plant growth measurement
After transplantation for 30 d, the plant height was measured on the main stem with a ruler. The main stem diameter was measured 1 cm above the ground with a vernier caliper. The area of the fourth fully expanded leaf was measured with a multipurpose leaf area analyzer (WinFOLIA, Regent Instruments Inc., Canada). To measure the biomass of the main stem, the samples were oven-dried first at 105°C for 15 min and then at 75°C for 48 h. A total of 20 d later, the biomass of the remaining aboveground parts was reassayed. The measurement on the plant growth indices was all repeated 10 times.
Plant nutritional quality measurement
On the 30th day and 50th day after transplanting, the stems and leaves were sampled and washed separately with distilled water through a fine sieve. The samples were used fresh or oven-dried, as described earlier, and powdered or frozen in liquid nitrogen and stored at −80°C until the subsequent analysis.
Soluble sugar was extracted by boiling the fresh samples in water, and the soluble sugar content was estimated using the anthrone method (Watanabe et al. 2000) . A standard curve was plotted using D-glucose, and the soluble sugar content was calculated and expressed as mg g −1 fresh weight. For measurement of the vitamin C (Vc) content, samples were homogenized with ice-cold 5% (w/v) trichloroacetic acid. The Vc content was determined according to the method of Hamed et al. (2007) . Carotenoids were extracted from the fresh samples by using 96% ethanol, and their content was analyzed according to the method of Porra et al. (1989) . Flavonoids were extracted from the powdered samples by using methanol on a Soxhlet extractor following the method of Alothman et al. (2009) . The filtrate was separated using filter paper (Whatman No. 1) and concentrated under reduced pressure in a rotator ) OF (g kg
) N (g kg
) C (g kg evaporator (Buchi Rotavapor R-210, Switzerland). Subsequently, the total flavonoid content was determined using the colorimetric method described by Alam et al. (2014) , the results of which are expressed as mg RE g −1 DW.
Nitrate was extracted from the fresh samples in a boiling water bath, and the content was assayed in salicylic acid-sulfuric acid (Cataldo et al. 1975) , with KNO 3 as the standard. Oxalic acid was extracted from the fresh samples by using water, and the content was determined using sulfonic acid, as described by Ilarslan et al. (1997) , with oxalic acid as the standard.
Statistical analyses
The data are presented as means in all tables and were analyzed through one-way analysis of variance by using the statistical software Origin 7.0.
Results

Experiment I Soil properties
After combined treatments with fertilizers, plants, and leaching for 60 d, the selected property indices of the soil samples were measured ( Table 2 ). The pH of the CK samples was 7.58. The pH decreased slightly to <7.5 after the BF or OF treatment, decreased to <7.3 after the CF treatment, and remained constant after the MP treatment. The EC value of the CK was low. Application of a gradient dose of BF, OF, or MP resulted in a gradient increase of EC values in the soil. They were higher after the BF1 and BF2 treatments than those after the corresponding OF and MP treatments (Table 2) . After treatment for 60 d, the EC values of the CF treatments were as low as those in the CK treatment.
With the exception of the AOC content in the CF3 treatment, the application of BF, OF, and CF increased the content of AK, AOC, and HCO 3 − in the soil. They increased with the BF or OF dose, and exhibited more pronounced increase in the BF treatments. They were relatively low after the CF treatments, especially after the CF3 treatment. Under the MP treatment, the content of AK, AOC, and HCO 3 − increased only after the MP3 treatment.
The activity of the three soil enzymes was relatively low in the CK (Table 2 ). They increased with the fertilizer dose in the BF and OF treatments and had more pronounced increase in the BF treatments. They decreased with the CF dose, and the activity of the urease and CA only increased after the MP3 treatment.
Water spinach growth and nutritional quality
Water spinach seedlings showed similar weak growth under the CK and MP treatments (Table 3) . With BF, OF, and CF applications, the seedlings showed improved growth with the increase in the dose. Thirty days after transplantation, the seedlings in the CF group exhibited the greatest height, stem diameter, and leaf area (P < 0.05), followed by similar seedlings growth in the BF and OF treatments (Table 3) . A total of 20 d later, the aboveground biomass of the seedlings in the BF treatment had reached the biomass level of the CF treatment (Table 3 ). The highest total biomass was also found in the BF and CF treatments.
Plant nutritional quality was relatively low for the 30 d MP treatment (Table 4) . For the other three fertilizers, most of the parameters in Table 4 increased in conjunction with the dose, with some exceptions for the CF treatment. The content of nutritional substances, such as soluble sugar, soluble protein, and total flavonoids, was higher for the BF and OF treatments than for the CF treatments. By contrast, the content of antinutritional substances such as nitrate and soluble oxalic acid Note: Results in the table were from the soils treated with fertilizers, plants, and leaching for 60 d. Means followed by the same lowercase letters within a column are not significantly different at P ≤ 0.05 (LSD). EC, electrical conductivity; AK, available potassium; AOC, active organic carbon.
was lower in the BF and OF treatments than in the corresponding CF treatments. The nutritional content was not lower, and the antinutritional content was not higher in the BF treatments than in the OF treatments.
An additional 20 d later, nearly all content in Table 4 increased to varying degrees, increasing slightly in the MP treatments. The nutritional content was higher and the antinutritional content was lower in the BF and OF treatments than in the corresponding CF treatments. In addition, the content of nutritional substances such as Vc, carotenoid, and total flavonoid was higher in the BF treatments than in the OF treatments. The CF treatment increased the content of Vc and carotenoid and decreased the content of soluble sugar and total flavonoid in water spinach seedlings.
Experiment II Soil properties
Selected property indices of the soil samples after treatment with different fertilizers for 60 d without plants and leaching were shown in Table 5 . The pH of the CK samples was 7.17, which was lower than the corresponding values in experiment I ( Table 2 ). The pH increased after the BF and MP treatments and decreased after the OF and CF treatments. The biggest increase was observed in the BF treatments, and the biggest decrease was found in the CF treatments. All EC values in Table 5 are markedly higher than those in Table 2 . The EC value remained relatively low in the CK treatment, exhibiting the highest increase in the CF treatments, followed by the treatments with OF, BF, and MP.
The contents of AK and AOC shown in Table 5 are significantly higher than those in Table 2 . Both BF and OF treatments increased the content of AK, AOC, and HCO 3 − in the soil dose dependently. The most pronounced increase was found in the BF treatments. Chemical fertilizer treatments increased the AK content and decreased the content of AOC and HCO 3 − dose dependently. By contrast, the MP treatment only enhanced the HCO 3 − content.
The activities of the three soil enzymes in Table 5 were still significantly higher than those in Table 2 . They were the lowest in the CK soil (Table 5 ). The BF and OF treatments increased their activities and CF treatments decreased their activities dose dependently. Of the MP treatments, only high dose MP treatment (i.e., MP3) increased their activities.
Discussion
The main function of soil is to sustain plant and animal productivity and yield food for humans (Karlen et al. 1997) . Soil properties determine the soil processes that control nutrient cycling and the availability of nutrients to living organisms, thereby affecting soil quality and productivity. The pH of soil not only affects its capacity to support nutrients but also affects its microbial balance and controls enzyme activity (Wang et al. 2014) . The EC value correlates positively with the content of available nutrients in the soil. High nutrient availability in the soil can cause salt damage to living organisms (Shu et al. 2013) . AOC content determines soil fertility and is a key indicator of soil quality, influencing various physical, chemical, and biological properties of soil (Blair et al. 1995) . Numerous soil enzymes, which originate from plant roots and soil microorganisms and participate in organic matter decomposition, drive nutrient cycling (Dick 1994; Waring et al. 2014) . Notably, urease and phosphatase activity correlate positively with soil N and P cycling and availability (Dick 1994 Results were from the seedling after the main stem was taken away after an additional 20 d, i.e., on the 50th day.
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CA promotes K-feldspar weathering and carbonate formation (Xiao et al. 2015 (Xiao et al. , 2016 . Poor soils usually exhibit low concentrations of plantavailable nutrients and AOC, extreme pH values, low EC values, and low soil enzyme activity. Such soils have low fertility and produce lower yields. However, globally, human activity has resulted in large areas of fertile soil being degraded into poor soil (Ju et al. 2007; Shu et al. 2013 ). Measures to improve poor soils and increase food yields to accommodate population growth are urgently necessary (Zhu et al. 2015) .
Numerous studies have indicated that the application of organic matter (Barzegar et al. 2002) , OF (Biau et al. 2012) , microbes (Nisha et al. 2007 ), and even dust or MP (Hagos and Smit 2005; von Suchodoletz et al. 2013) can improve the quality of poor soil. However, to rapidly improve the quality of both soils and plants, compound fertilizers composted with suitable microbes, organic matter, and a certain amount of CF have become the most common approach (Liu et al. 2009; Pan et al. 2009 ). Nevertheless, to implement the "Action Plan of Zero Growth on Chemical Fertilizers by 2020" (Ministry of Agriculture of the People's Republic of China 2015), developing fertilizers without any added CF to improve both soil and plant quality is essential.
In ecosystems without any fertilization or soil amendment by humans, plants show favorable growth, and nutrients are mainly obtained from atmospheric inputs and the weathering of soil minerals (Van Breemen et al. 2000; Dakora and Phillips 2002; Calvaruso et al. 2006) . Dust or MP application can improve soil quality (Hagos and Smit 2005; von Suchodoletz et al. 2013) . The actions of plants and microbes are the main biological causes for the weathering of soil minerals (Dakora and Phillips 2002; Calvaruso et al. 2006 ). Microbes such as B. mucilaginosus (Sheng and Huang 2002; Lian et al. 2008; Basak and Biswas 2009 ), A. fumigates (Lian et al. 2008) , and A. niger exhibit high mineral-weathering activities. Hence, through suitable composting and application, nutrient release can be promoted from minerals by microbes, thereby enhancing crop growth (Sugumaran and Janarthanam 2007; Nishanth and Biswas 2008; Yang et al. 2012) . On the basis of the aforementioned findings, we hypothesize that BF composted with organic matter, MP, and microbes with high weathering activity, are more effective than OF in improving soil and providing available nutrients for plants, and that CF can effectively be replaced by minerals and microbes. The contents of N, P, and K were higher in the BF than in the OF, which was composted identically to the BF, but without K-containing minerals (Table 1) . This indicates that the microbes promoted the release of K and P, and the preservation of N during composting (Yang et al. 2012 ). Oxalic acid (mg g 
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The CK soil investigated in the present study was slightly alkaline poor soil (Table 2) . A total of 60 d after treatment with different fertilizers, nutrient absorption by water spinach, and leaching, the changes in the soil properties varied among the investigated samples. Although CF can rapidly supply available nutrients, nutrient absorption by plants and leaching for 60 d caused soil to be depleted of most of the added nutrients. Moreover, the CF treatment decreased the pH value and soil enzyme activity significantly. All of the preceding observations further demonstrated the marked soil degradation effect of CF (Shu et al. 2013) . Although the initial nutrient content was relatively low, the soil quality improved after 60 d of treatment with BF, OF, and a high MP dose. The most marked improvement was observed in the BF treatments and the lowest in the MP treatments (Table 2 ). This finding indicated that although natural microbes in soil could promote mineral weathering (Hagos and Smit 2005; von Suchodoletz et al. 2013) , their efficiency was relatively low. When the BF was added the poor soil, the cooperation of vigorously growing microbes and K-containing minerals enhanced mineral weathering and promoted AOC accumulation in the soil (Table 2) .
Water spinach, botanically classified as I. aquatica, is a semiaquatic, tropical plant grown as a vegetable for its tender shoots and leaves. On the basis of the vitamin content of certain varieties, it is considered as a tonic, and used to treat stomach and intestinal disorders in much of southeastern Asia (Nagendra Prasad et al. 2008) . In the present study, the growth and yield of water spinach were determined by a combination of soil quality and available mineral content (Table 3) . Seedlings showed weak growth after the CK and MP treatments and favorable growth after the CF, BF, and OF treatments; the strongest growth was observed after the CF treatments, followed was the BF and OF treatments. These results indicate that, although CF can promote plant growth over a short period, it reduced soil quality. Moreover, although the growth-promoting effect of BF was lower than that of CF at the initial stage (30 d), it was higher than that of CF over a long term (50 d; Table 3 ). Bio-organic-mineral fertilizer improved the soil quality stably and more rapidly than did OF (Table 2) , which in turn promoted plant growth more effectively.
High yields do not represent high plant quality. Although the growth-promoting effect of CF was the highest in the short term, the main nutrient content of water spinach in Table 4 was not improved with increased doses. Moreover, the content of two antinutritives, namely nitrate and soluble oxalic acid, was enhanced using the CF treatment (Table 4 ). The main nutrient content produced by the BF and OF treatments was similar within 30 d of treatment. However, the Vc and total flavonoid content obtained from the BF treatments were higher than that from the corresponding OF treatments. Thus, the BF treatment not only improved growth but also enhanced nutritional quality (Tables 3 and 4) .
Soil fertility may decline after plant cultivation, owing to direct uptake into harvest materials or through indirect leaching (Debiase et al. 2016) . To explain these effects and investigate methods for rapidly improving soil, the poor soils in experiment II were treated as in experiment I, with the exception that nutrient absorption by plants and leaching through watering were not included. The results indicate that the changing trend of soil quality produced by fertilizers without plants and leaching was the same as that with plants and leaching (Tables 2 and 5 ). In addition, the soil-degrading effect of CF, and the soil-improving effect of BF, OF, and MP were more substantial without plants and leaching. Note: Results in the table were from the soils treated with fertilizers indoors without plants and leaching for 60 d. Means followed by the same lowercase letters within a column are not significantly different at P ≤ 0.05 (LSD). EC, electrical conductivity; AK, available potassium; AOC, active organic carbon.
This demonstrates that applying BF without plants and in combination with mulch treatment to avoid leaching is the most effective method for rapidly improving poor soil.
Conclusions
1.
The CF treatment can promote plant growth rapidly and substantially, but reduces soil quality considerably.
2.
Treatment with BF, OF, and a high MP dose can improve soil quality and increases plant growth and nutrient content. Of these fertilizers, BF had the largest comprehensive effects. 3.
The plant-growth-promoting effect of BF is lower than that of CF within a 30 d treatment period, but higher over the longer term. 4. The BF can be applied to simultaneously improve poor soil, promote plant growth, and plant quality without the addition of CF. Furthermore, poor soil can be improved more quickly through BF treatments without plants.
